The formation and specific activity of a catecholamine-binding brain protein were studied in mice exposed to perinatal malnutrition and neonatal infection.
The brain development and metabolic activities of individuals can be profoundly and lastingly altered by early malnutrition during gestation and lactation and by neonatal infection ( 1 . 18, 32, 38) . The effects of such perinatal physiologic stresses persist throughout the whole lifespan of the young, even if attempts are made to correct them by placing the animals under optimum conditions or by supplying an adequate diet after weaning and during adult life.
We have described earlier that early malnutrition and neonatal infection of mice exert lasting influences on the metabolisms of brain protein, cyclic A M P , and catecholaniine. Early malnutrition and neonatal infection were found to impair the biosynthesis and structure of brain protein (17) . lo alter cyclic A M P metabolism, and to decrease the binding ability of cyclic A M P to synaptosomes (21) . Such stresses also depressed the brain contents in N E and DM (22) .
The specific binding of norepinephrine to microsomal particles of cardiac muscle exhibits similarities to the binding of catecholamine to the 8-adrenergic receptor (23, 25) . Such binding of catecholamine and receptor sites may stimulate adenyl cyclase activity in the formation of adenosine 3'.5'-monophosphate (cyclic A M P ) . The binding of catecholaniine to its receptor leading to the activation of adenyl cyclase and the accumulation of cyclic A M P has also been observed in the erythrocyte membrane system (3, 33) , and in the brain (5, 16) . On the other hand, the B-adrenergic receptor exhibited strict stereospecificity for (-)-catecholamines (35) . The binding of [ W I N E to intact fat cells of the rat and heart microsomes seemed not to measure catecholamine receptor interactions, but rather a membrane catecholamine binding protein which might be related to the enzyme catechol-0-methyltransferase (7, 9) . The binding of [3H]NE to the catecholamine-binding protein in mouse brain might not be related to thz affinity between N E and the enzyme catechol-0-methyltransferase. The specific binding activity of brain protein to [ 3 H ] N E could be significantly inhibited by the enzymatic digestion with neuraminidase and treatment with nucleotides. This brain protein contained two distinct fractions which had different affinity for binding N E and different response to the treatments with neuraminidase, trypsin, and propranolol (19) .
The present report will describe ( I ) the solubilization of catecholamine-binding brain protein and its isolation and purification by affinity chromatography, and (2) the effects of perinatal malnutrition and neonatal infection on the formation, specific activity. and structure of catecholamine-binding brain proteins.
Either N E or D M was linked covalently to the matrix of agarose beads. Such catecholamine-agarose conjugate was used for affinity chromatography. Changes in brain protein structure were studied by determination of molecular weights and amino acid compositions.
M A T E R I A L S A N D M E T H O D S E N T E R O V I R U S A N D EXPERIMENTAL A N I M A L S
The origin of the mouse enterovirus preparation used in the present study has been described in an earlier paper (20) .
Specific pathogen-free mice of the C O B S strain (40) were used in all experiments.
The malnourished group consisted of the progeny of mothers fed a diet containing 20% wheat gluten as the sole protein source. The dams were placed on the gluten diet from day 14 of pregnancy t o day 21 after delivery (17) . After weaning all animals were transferred to D & G pellets (41). Control animals were kept on a D & G diet throughout the duration of the experiment. side chain of agarose matrix (6. 8, 24) . Sepharose 4 8 (42) 200 g. was suspended in 400 ml distilled water. Cyanogen broni~de (40 g) (43) was added to the stirred suspension in an ice-bath, and the pH was adjusted to I I . The agarose was washed with 0.5 M sodium bicarbonate solution. The wet agarose was treated with 26.7 g 3,3'-diaminodipropylamine (43) in 500 ml. 0.5 M sodium bicarbonate solution and the mixture stirred gently at 4' overnight. The substituted agarose was then washed with distilled water.
The aminated agarose was succinqlated at 4' by the addition of 50 g succinic anhydride and adjusted to pH 6. The reaction mixture was kept at 4' overnight. The succinylated agarose was washed with 0.1 M potassium chloride. then with distilled water and suspended in 400 nil distilled water at room temperature. The suspension received 5.2 g dianiinodipropylamine and the pH was adjusted to 4.8. Then 32 g coupling reagent. I-cyclohexyl-3-(2-morpho1inoethyl)-carbodiimide metho-p-toluene sulfonate (44) or N,N-dicyclohexyl carbodiimide (44) was added. and the pH was kept at 4.8. The suspension was stirred gently overnight at room temperature and then washed with I m M hydrochloric acid and distilled water. The free amino groups were succinylated again under the conditions described previously.
The mixture was suspended in distilled water at room teniperature, adjusted to pH 4.8. and divided equally into two parts. One part received 2 ml 0.5 M norepinephrine-HCl in 0. I N hydrochloric acid, containing 200 pCi of UL- [7-3H] norepinkphrine (specific activity 3.0 Ci/mmol (44) ). The other part received 2 ml 0.5 M dopaniine, containing 20 fiCi [2-L4C]dopamine (specific activity, 75 mCi/mmol (44) ). The N E or DM was coupled by the subsequent addition of 5 g coupling reagent, adjusted to pH 4.8 and kept overnight at room temperature with stirring. The catecholamineagarose was washed with I m M hydrochloric acid, water, and suspended in an equal volume of water.
E X T R A C T I O N O F BRAIN PROTEIN W I T H D E T E R G E N T A N D A F F I N -ITY C H R O M A T O G R A P H Y
Mouse brain proteins at particulate binding sites were solubilized and extracted with the detergent. Triton X-100 (45). sodium deoxycholate, or Lubrol PX (46) . The same quantity of brains from both experimental and control animals were used (the size of brain was smaller in experimental animals, thus a larger number was included in these groups). Brains were homogenized in 0.25%' detergent solution and centrifuged at 105,000 x g for I h.r. The pellets were re-extracted with detergent solution. Portions of brain extract were placed on NE-or DM-agarose columns. 0.8 x 4 cm.
After the samples were run through, the column was washed with pH 7.3 buffer (5 m M Tris-phosphate solution). The bound brain protein was eluted with 4 M sodium chloride. followed by washing with pH 7.3 buffer. The column was then eluted with 4 M guanidine-HCI. The eluates were dialyred separately against distilled water and pH 7.3 buffer to remove sodium chloride or guanidine-HCI. The column run-through and buffer washing were The binding activity of radioactive ligands to brain protein was measured by equilibriuni dialysis. Aliquots of 0.6 nig brain protein in 1.5 nil Tris-buffer, pH 7.3 (0.01 M Tris-hydrochloride, 2 mM magnesium chloride, 0.6 mM P-mercaptoethanol) were placed in the dialysis membrane tube ( 1 cm wide (47) ) and dialyzed against 10 ml 0.2 pCi DL-[7-SH]norepinephrine or 0.1 FCi [2-14C]dopamine in the same buffer solution for 24 hr at 4' on a rotary shaker. Equilibrium was reached under these conditions. The radioactive ligand bound to brain protein was calculated by subtracting the radioactivity of dialysate from that inside the tube.
Brain proteins isolated by affinity chromatography (eluates of sodium chloride and guanidinc-HCI) were combined together for further purification. These proteins were dissolved in pH 7.5 Tris-buffer, received 10 pCi [ W I N E or I FCi ["CIDM, and were incubated at 37" for I hr. The mixtures were dialyzed in pH 7.5 Tris-bufkr at 4' to remove free labeled compounds. The dialysates were lyophilired and dissolved in 0.1 M ammonium bicarbonate. A Sephadex '3-25 (42) column, 7 x 40 cm, was equilibrated with 0. I M ammoniurii bicarbonate. The protein samples were applied to the top of the column and the chromatography was carried out at 25". For each 7.5 ml fraction, the optical density at 280 nm was measured by spectrophotonietry, and the radioactivity measured by scintillation counter. The peak fractions were combined together, condensed, and passed through a Sephadex G-100 column, 1.6 x 54 cm, equilibrated with 0.1 M ammonium bicarbonate. The optical density at 280 nni and radioactivity were determined by the rnethod described previously.
Brain protein samples were treated with sodium dodecyl sulfate (48) and fractionated in 10%) polyacrylaniide gel disc electrophoresis (49) ( 1 I , 37).
M O L E C U L A R W E I G H T D E T E R M I N A T I O N O F BRAIN P R O T E I N
Estimation of lnolecular weight of brain protein was performed by the Sephadex gel filtration method (2). Sephadex G-100 was packed into a chromatographic column (2 x 58 c n~) until a gel height of 52 cni was reached. The column was equilibrated with 0.05 M Tris-hydrochloride buffer. pH 7.5, containing 0.1 M potassiuni chloride. Various protein standards including glucngon, lactalbumin, ovalbumin, bovine serum albumin, cytochrome c (SO), ribonuclease, hexokinase (51) . and mouse brain protein fractions were dissolved separ:ttely in pH 7.5 Tris-buffer ( I 0 mg protein in 2 ml) and the solutions were applied to the top of column (two protein standards at a time). The flow rate of column was maintained at approxinlately 30 ml/hr at room tcmperature. The optical density at 380 nm in each 6-ml fraction was measured by spectrophotometry. The effluent volume corresponding to the maximum concentration of the respective protein was determined. The molecular weight of brain protein was estimated from the plots of elution volume against the log rnolecular weight for standard protein.
Amino acid analyses were done with the Beckman model 120 C amino acid analyzer (30) . Protein samples were hydrolyzed it1 vacuo with 6 N hydrochloric acid for 20 hr at 1 lo0 (34) . The hydrochloric acid was removed at 2S0 by a Biichi Rotavapor-R (52). The residues were dissolved in 0.2 N sodium citrate buffer, pH 2.2, and filtered through a 0 . 4 5 -~m Millipore filter.
Brain protein localized in particulate sites was solubilized with the detergents, Triton X-100, sodium deoxycholate. or Lubrol PX. After treatment with detergents. about 13.4-27.070 more protein was extracted by the burfer solution, and the specific binding activity to catecholamine increased in parallel. Generally, solubiliration with Lubrol PX was more effective than with Triton X-100 or sodium deoxycholate. At a concentration of 0.25% detergent, 
ISOLATION A N D PURII-ICATION O F CATLCHOLAMINE-BINDING PROTEIN BY AFFINITY C H R O M A T O G R A P H Y
The solubilized brain proteins were purified by affinity chromatography in which catecholamine-binding proteins were bound tightly to the column. The bound proteins can be eluted with the solvent which dissociates them from the column. In the present experiment, the reversible and specific interaction of catecholamine-binding protein with N E or DM was achieved by affinity chromatography. When the brain protein solution was added to the column of NE-agarose conjugate, 40-64% of the protein passed through; 64.6-75.0% protein passed through the DM-agarose column (Tables I and 2 ). Norepinephrine binding activity has been reported to be eluted from the column with 0. I M epinephrine at p H 3.8 (24) . In the present experiments, the brain protein bound to the NE-agarose column could not be eluted with 0.1 M or more concentrated epinephrine. The protein was bound tightly to the column and could be eluted with 4 M sodium chloride and 4 M guanidine-HCI. NE-binding protein was eluted from the column to the extent of 16.9-25.4%j of total protein by 4 M sodium chloride and 6.5-23.0% by 4 M guanidine-HCI. A smaller proportion of DM-binding protein was bound to the column; 8.9-15.47tl of it was eluted by 4 M sodium chloride and 6.5-15.4% by 4 M guanidine-HCI. Tables I and 2 show the NE-or DM-binding brain protein isolated by affinity chromatography in malnourished and infected mice. As observed in the control group, more protein was obtained in the detergent-extracted fraction of the experimental groups.
CATECHOLAMINE-BINDING BRAIN PROTEIN IN M I C E EXPOSED T O PERINATAL M A L N U T R I T I O N A N D NEONATAL INFECTION
In the malnourished animals, the protein content of the pH 7.3 buffer extract was much lower than in the control group. The total NE-binding protein isolated by affinity chromatography in the malnourished group was 7.1 mg against 13.0 mg in the control group. The protein content of eluates for the detergent-extracted fraction was 10.0 mg in malnourished mice and 14.0 mg in the control group. In the malnourished animals, the total DM-binding proteln content was essentially the same in the detergent-extracted as in the pH 7.3 buffer fractions. It was not significantly different from that of the control group.
The protein content of pH 7.3 buffer extract as well as the detergent extract fractions was greatly reduced in the infected animals. The total NE-binding protein obtained from sodium chloride and guanidine-HCI eluates was decreased: 6.4-8.0 mg in the infected group a s compared with 13.0-14.0 in the control group. Detergent solubiliration did not increase the yield of DM-binding protein as compared with pH 7.3 buffer fraction. However, the total DM-binding protein obtained by affinity chromatography was higher than in the controls: 1 1 . 9 1 2 mg in the infected group as against 5. In malnourished mice, the specific binding activity of [ 3 H ] N E to brain protein was as high or higher than in the control group with regard to both the soluble and the particulate fractions of brain extracted with sodium chloride; the protein fraction obtained from guanidine-HCI showed low binding activity. The total [ 3 H ] N E binding activities were decreased in malnourished animals. perhaps because of the low quantity of protein. In infected animals, the specific or total binding activity of [3H]NE was greatly reduced in the brain extract and in the eluate from affinity chromatography. The total binding activity in soluble fraction was 216 pmol ' Mouse brains, altogether 24 g in control, 12 g in malnourished, and I2 g in infected groups (6 g in each subgroup), from 2-to 4-month-old mice were homogenized and extracted with 10 ml each of 0.2590 detergent solution separately. and centrifuged at 105.000 x g for I hr. The sediments were extracted again with the same detergent solution. Final volume of each subgroup was adjusted to 25 ml. The columns (0.8 x 4 cm) of norepinephrine or dopamine-agarose matrix were used for affinity chromatography. Brain extract. 5 ml, was placed on the columns and the unbound proteins were washed with pH 7.3 buffer. The columns were eluted with 10 ml of 4 M sodium chloride and then washed with pH 7.3 buffer. They were than eluted with 4 M guanidine-HCI. The eluates from 4 M sodium chloride or 4 M guanidine-HCI were dialyzed separately against distilled water and pH 7.3 buffer. The values of protein contents were the averages of triplicate samples: SE were less than 10' 3% of the means. 'The preparation of brain extracts and conditions for eluting chromatographic columns were the same as described in Table I . Brain extracts (5 ml) were placed on the chromatographic columns of dopamine-agarose matrix. The values of protein contents were the averages of triplicate samples: S E were less than 10% of the means. G-25 a n d G-100 chromatography. Figure 1 shows the purification of catecholamine-binding brain Figure 2 shows the electrophoretic patterns of NE-binding brain protein by Sephadex G-25 a n d G -I 0 0 chromatography a n d t h e proteins obtained from the main peak of Sephadex (3-100 c h r o m a - Radioactivity of 0.1 pCi [2-14C]dopamine in 10 ml pH 7.3 Tris buffer was used. The experimental conditions for the determination of binding activity were the same as those described in Table 3 . The values were expressed as the averages of triplicate samples: S E were less than 10% of the means. d~ssolved in pH 7.5 Tris-buffer, received I0 pCi [3H]NE, and incubated at 37" for I hr. After the incubation, the mixture was condensed and applied Figure 3 shows t h e results of molecular weight determination by to a Sephadex G-25. 2 x 40 cm column, equilibrated with 0.1 M the Sephadex G-100 filtration method. T h e average molecular ammonium bicarbonate. The peak fractions were combined, condensed, weights were 75,000 in t h e control g r o u p ( r a n g e 65,000~-85.000). and passed through Sephadex G-100, 1.6 x 54 cm. The protein samples 70,000 in the malnourished g r o u p (range 60,000 80.000). a n d were eluted with 0.1 M ammonium bicarbonate at 25".
T a b l e 3. Binding activity ~f [~H ] n o r e p i n e p h r i n e ( [ 3 H ] N E ) to braill protein of r~~i c e exposed to perinatal rnulrrurriliorz arld rreonatal infection

P U R I F I C A T I O N O F BRAIN PROTEIN BY SEPHADEX C H R O M A T O G R A -SODILM UODEC'l'I. SLLl A r t -I ' O l . Y A C ' K Y L~\ \ I I I ) E (;tL E L t C ' l K O -P H Y A N D SPECIFIC BINDING FOR [ ' H I N E A N D ["CIDM PIIOKESIS
T a b l e 4. Bit~dinx acrivitj3 ~/ ' [~~C ] d o p n t ?~i n e ( [ 1 4 C ] D M ) to brain prorein ofniice exposed to perinatal ntalnutrition and neonatal itlfectionl
65,000 in the infected g r o u p ( r a n g e 57,000 73,000).
LEE AMINO ACID COMPOSITION OF CATECHOLAMINE-BINDING PRO-
infection. The catecholamine-binding brain protein contained high TEIN contents of acidic amino acid (plutamic acid, aspartic acid) and of Table 5 shows the amino acid composition of N E -or DM-bindthe basic "line acid, 'Fine. ing protein purified by the sephadex G-25 and G-100 chromatog.
N o significant differences were observed in NE-binding protein raphy in mice exposed to perinatal malnutrition and neonatal between malnourished and control groups with regard to most amino acids, although changes in lysine. serine, and alanine L, I 1 1 1 1 1 1 1
Molecular weight Fig. 3 . Molecular weight determination of brain protein by Sephadex gel filtration method. Various authentic standards and brain protein preparations were dissolved separately in pH 7.5 Tris-buffer, containing 0.1 M potassium chloride. 5 mg in 2 ml, and applied to a cm Sephadex G-100 column, 2 x 58 cm; two standard proteins were applied at one time. The flow rate was maintained at 30 ml/hr and the experimental procedure was done at room temperature (25'). The molecular weight of brain protein was determined from the plots of elution volume against the log molecular weight for standard proteins.
residues were found. The DM-binding protein in thesc animals showed decreased content of most amino acids and increased methionine residue.
The catecholamine-binding brain protein of infected mice was decreased in many amino acid contents compared with that of control animals. These results revealed that neonatal infection brought about profound changes in structure and formation of catecholamine-binding brain protein.
DISCUSSION
Pathways of the catecholamine biosynthesis in brain involve the hydroxylation of tyrosine to dihydroxyphenylalanine (DOPA), and decarboxylation of D O P A to D M . DM moves into the catecholamine storage granules and is hydroxylated to form N E (27) . The granules at nerve endings contain A T P in a molar ratio of N E to A T P of 4:1 and are associated with a specific protein to form NE-ATP-protein complex (14, 15) . Such ATP-protein complex binds and stores N E . N E is released from the nerve terminals during nerve stimulation and binds to the postsynaptic receptor sites to trigger the physiologic response of the postsynaptic cells to the transmitter.
In the present study, the catecholamine-binding proteins were solubilized with detergent and isolated from the mouse brain. Such brain proteins can bind tightly and specifically to N E or DM and may be related to the specific protein in the storage granule to form NE-ATP-protein complex or they may be a part of a receptor 'Samples were obtained from the purified brain proteins after passing through Sephadex (3-25 and G-100 chromatography. Brain proteins, 1-2 mg, were hydrolyzed in vacuo with 6 N hydrochloric acid at 110" for 20 hr. The hydrochloric acid was removed at 25' by a Biichi Rotavapor-R. The values for serine and threonine were not corrected for effect of hydrochloric acid during hydrolysis. Tryptophan was seriously destroyed by acid hydrolysis. The values of amino acids composition were the averages of triplicate samples: SE were less than 10% of the means.
None was contained in the sample.
molecule in postsynaptic cells. The results discussed here indicate that NE-or DM-binding brain protein can be soluhilized with detergent and isolated by affinity chromatography. Perinatal malnutrition and neonatal infection had different effects on the formation and specific binding activity for catecholamines. In the malnourished group, the total NE-binding protein isolated by affinity chromatography was less than in the control group hut the DM-binding protein obtained from the column was not affected. In the infected group, the quantity of NE-binding protein was also decreased, but the DM-binding protein was higher than in the control group.
The specific binding activity of [ W I N E and [ ' T I D M to brain protein was higher in the particulate fraction than in the soluble fraction. This may indicate that these catecholamine-binding tnolecules are associated with the membrane structure. The binding activity of [ 3 H ] N E in malnourished mice was decreased in the protein fraction obtained from guanidine-HC1 elute. In infected animals, the specific or total binding activity of ["HINE was greatly reduced.
The binding activity of [14C]DM to brain protein was decreased markedly in the infected group, but its specific binding activity in the malnourished group was not as severely affected as in the infected group.
From the dose-response studies of lipolysis, the apparent affinity constant for norepinephrine in fat cells of the rat was calculated as . These values are close to those in the fat cells of the rat. Purified P-adrenergic binding protein from cardiac muscle has been reported to exist in two forms, with molecular weights of 40,000 and 160.000 (24) . The molecular weight of acetylcholine receptor in guinea pig brain is 86.000 with two bindidg sites (4). The molecular weight of the catecholamine-binding brain protein studied here is about 75,000; close to that of acetylcholine receptor. The molecular size of the catecholamine-binding protein in the infected group was slightly reduced (65,000). It is not known whether the low molecular weight of brain protein is caused by dissociation of protein into subunits or to qualitative change in the structure.
S o m e highly acidic proteins, such as S-100 and 14-3-2. have been found specifically in the central nervous system. The S-100 protein has a molecular weight of 21,000, containing three subunits of molecular weight 7,000 ( l o ) , and a high content of glutamic acid and aspartic acid (28, 29, 36) . The catecholamine-binding brain protein is similar in amlno acid composition to S-I00 brain protein in that it contains a high content of glutamic acid and aspartic acid. Catecholamine transmitter, when released from the nerve terminal during the period of stimulation, combines with the adrenergic receptor and increases the ionic permeability to the membrane (12, 13) . It is not clear at present time whether the catecholamine-binding brain protein is involved in the ion transport and increase the ionic permeability of the membrane.
Remarkable differences were observed between the infected and control groups with regard to catecholamine-binding brain protein.
The amino acid contents of the brain protein from the infected group were greatly decreased and the protein structure disorganized. These results suggest that some profound changes in the structure and formation of the catecholamine-binding brain protein have been induced by neonatal infection. Some mechanisms for altered biosynthesis of brain protein by perinatal malnutrition have been postulated. These include the decrease of active D N A polymerase for D N A synthesis, excessive ribonuclease activity (39) , or the disaggregation of polysomes (31) . On the other hand, the hormone treatment was found to correct impaired amino acid incorporation into the brain protein of infected animals (17) . In the present study, it is still unknown whether the altered amino acid compositions of the catecholamine-binding brain protein are caused by the mechanism of transcription or by translation error. The alteration may be caused by the impaired regulatory mechanisms involving the hormonal functions and related metabolisms.
SUMMARY
Perinatal malnutrition and neonatal infection have caused changes in the formation and specific binding activity of catecholamine-binding brain protein. The total amount of NE-binding brain protein was decreased in the malnourished and infected groups. The specific and total binding activity of I3H]NE t o brain protein was greatly reduced in the infected group and decreased in an elute fraction of the malnourished group. The binding activity of [I4C]DM was decreased markedly in the infected group, but its specific activity was not affected severely in the malnourished group. The molecular weight of the catecholamine-binding protein in the infected group was slightly reduced. The DM-binding protein of the malnourished group had markedly low amino acid content. The infected group exhibited remarkable changes in NEand DM-binding brain protein. These results reveal that neonatal infection and perinatal malnutrition bring about some fundamental changes in the structure of catecholamine-binding brain protein.
